TC. BMP2 inhibits TGF-␤-induced pancreatic stellate cell activation and extracellular matrix formation.
PANCREATIC FIBROSIS IS THE common pathological characteristic of chronic pancreatitis (CP), a major risk factor for pancreatic cancer (26) . Accumulating evidence indicates that activation of pancreatic stellate cells (PSCs) plays a pivotal role in the development of pancreatic fibrosis (3, 17) . In the normal pancreas, stellate cells comprise 4% of all pancreatic cells. They have a periacinar distribution and remain quiescent with the presence of vitamin A-containing lipid droplets in cytoplasm (1, 2) . After pancreatic injury or inflammation, they can be activated by various proinflammatory and profibrogenic cytokines, including transforming growth factor (TGF)-␤, interleukin (IL)-1␤, and IL-6 (12, 13, 19) that are secreted by inflammatory cells, injured acinar cells, and platelets (12, 18, 22) . The activated PSCs gradually lose cytoplasmic vitamin A-containing lipid droplets and differentiate into myofibroblast-like cells, with expression of ␣-smooth muscle actin (SMA). The activated PSCs proliferate, synthesize, and secrete excessive extracellular matrix (ECM) components, such as fibronectin (FN) and collagens, that accumulate in the pancreas and result in fibrosis.
TGF-␤ is a major profibrogenic cytokine in the pancreas. TGF-␤ is upregulated in CP tissues, promotes PSC activation, and stimulates ECM synthesis (11, 20, 24) . Bone morphogenetic proteins (BMPs), members of the TGF-␤ superfamily, have anti-fibrogenic functions in multiple organs (10, 14, 28, 31) . BMP2 is effective in the treatment of renal fibrosis in the rat unilateral urethral obstruction model and antagonizes TGF-␤-induced renal fibrogenic signals in renal interstitial fibroblast cells (27, 28) ; BMP2 also prevents differentiation and cell migration of lung fibroblasts (21) . BMP7 treatment reduces lung fibrosis in asbestos-exposed mice (14) . Adenoviral gene transfer of BMP7 also reduces rat liver fibrosis induced by repetitive injections of thioacetamide and suppresses the expression of collagen Ia (ColIa) mRNA and ␣-SMA in rat hepatic stellate cells (10) . However, whether BMPs have antifibrogenic function in the pancreas is unknown.
In the canonical BMP signaling pathway, BMPs bind to BMP receptors type I and type II on the cell surface and subsequently activate intracellular mediators, receptor-activated Smads, Smad1, Smad5, and Smad8, which form a complex with Smad4 and translocate to the nucleus to regulate transcription of target genes (25) .
In this study, using a cerulein-induced CP model, we found that, as pancreatic fibrosis progressed, BMP2 and phosphorylated Smad1 (pSmad1) levels increased at earlier time points and then declined at a later time point in the pancreas during CP development, suggesting that the dynamic changes of BMP signaling relate to fibrosis progression. Using primary mouse and human PSCs pretreated with BMP2 followed by TGF-␤ treatment, we demonstrated that BMP2 inhibited TGF-␤-induced PSCs activation and ECM formation. Therefore, we identify BMP signaling as an anti-fibrogenic pathway in the pancreas.
MATERIALS AND METHODS
Reagents. Cerulein, the decapeptide analog of the potent pancreatic secretagogue cholecystokinin, was purchased from Bachem Americas (Torrance, CA); human recombinant TGF-␤1 and BMP2 were purchased from R&D Systems (Minneapolis, MN) and were diluted in a vehicle solution (0.1% BSA, 4 mM HCl). BSA was purchased from Sigma-Aldrich (St. Louis, MO).
Animals. Animal experiments were performed according to the protocols approved by the Animal Welfare Committee of the University of Texas Health Science Center at Houston. Adult (8 -10 wk old) female Swiss Webster mice were purchased from Harlan Laboratories (Indianapolis, IN). The animals were housed in a climate-controlled room with an ambient temperature of 23°C and a 12:12-h light-dark cycle. Animals were fed standard laboratory chow and given water ad libitum.
In vivo model of CP. Mice were randomized into two groups (n ϭ 4/group). CP was induced by repetitive intraperitoneal injections of cerulein (50 g/kg, 5 hourly injections/day, 3 days/wk) up to 8 wk. Saline was given with the same volume and frequency in control mice. The mice were killed at day 4 after completion of cerulein or saline injections. The pancreas was harvested for histological analysis and snap-frozen for protein preparation.
Morphological examination. Pancreas tissues were fixed in 10% formalin and subsequently embedded in paraffin. Five-micrometerthick sections were prepared for hematoxylin-eosin (H&E) staining (Vector Laboratories, Burlingame, CA). Histology scores were determined on H&E-stained sections by an experienced pathologist blinded to the sample identity. Histopathological changes of CP were scored according to the criteria proposed by Demols et al. (7) with minor modifications on the extent of acinar injury (including abnormal architecture, glandular atrophy, and pseudotubular complexes), fibrosis, and inflammation.
Immunohistochemistry analysis. The pancreas sections (5 m thick) were prepared for immunohistochemistry analysis of ␣-SMA with an ABC kit and DAB kit (Vector Laboratories) according to the manufacturer's instructions. For antigen retrieval, the sections were immersed in low-pH antigen unmasking solution (Vector Laboratories) diluted in distilled water (1:100) and heated in a steamer for 30 min after deparaffinization and hydration. To block endogenous peroxidase activity, the sections were treated with 0.3% hydrogen peroxide diluted in methanol. After being washed with PBS, the sections were treated for 30 min at room temperature with blocking serum provided in the ABC kit to block nonspecific protein binding sites. The sections were then incubated with a rabbit anti-human ␣-SMA monoclonal antibody (1:200 dilution in 3% BSA; Abcam, Cambridge, MA) overnight at 4°C followed by incubation with a biotinylated anti-rabbit antibody for 1 h at room temperature, and then with ABC regents for 30 min at room temperature. The sections were washed with 0.01% Tween 20 diluted in Tris-buffered saline (pH 7.4) between any two steps above. Finally, the sections were stained using the DAB kit followed by hemotoxylin nuclei counterstaining and dehydrated, mounted with a permanent mounting solution (Vector Laboratories), and covered with a cover glass.
Isolation and culture of mouse PSCs. Mouse primary PSCs (mPSCs) were isolated from the pancreata of female Swiss Webster mice (8 -10 wk old) by outgrowth after collagenase (Worthington Biochemical, Lakewood, NJ) digestion (32) . The isolated mPSCs were seeded on six-well plates and cultured in Dulbecco's modified essential medium (DMEM; Mediatech, Manassas, VA) supplemented with 10% FBS and 1% penicillin/streptomycin (Life Technologies-Invitrogen, Grand Island, NY) at 37°C in a humidified incubator (containing 95% of O 2 and 5% of CO 2). Passages 1 to 3 were used.
Isolation and culture of human PSCs. Following the guidelines of the University of Texas Medical Branch, the discarded human pancreatic tissue was obtained from surgical resection of a patient with CP undergoing pancreatectomy. Primary human PSCs (hPSCs) were isolated using an outgrowth method (2) . Briefly, the human pancreatic tissue was rinsed three times in DMEM with 1% penicillin/streptomycin (Life Technologies-Invitrogen) in a 100-mm petri dish. The tissue was cut into blocks (1-2 mm 3 ) and placed in 75-cm 2 tissue culture flasks coated with 0.002% of collagen I (Sigma) and cultured in DMEM supplemented with 10% FBS, 1% insulin-transferrinselenium-X (Life Technologies-GIBCO), 1% nonessential amino acid solution (Sigma), 50 g/ml gentamycin solution (Life Technologies-GIBCO), and 1% penicillin/streptomycin at 37°C. The medium was changed every 3 days starting on day 3. As the colonies grew 80 -90% confluent, the tissue clumps were removed, and cells were split using 0.025% trypsin/EDTA (Life Technologies-GIBCO). Passages 2 to 5 were used.
Oil red O staining. hPSCs were cultured in eight-well glass slide chambers (BD Biosciences, Bedford, MA) for 24 h and then fixed with 4% paraformaldehyde for 15 min. Oil red O (Sigma) staining was performed to visualize lipid droplets in cells as described (9) . Nuclei were counterstained with hematoxylin.
Immunofluorescence. The PSCs were cultured in eight-well glass slide chambers for 24 h (for hPSC characterization) and further treated for 48 h (for the study of the effects of BMP2 and TGF-␤). The cells were then fixed with 4% paraformaldehyde, permeabilized with 0.25% Triton X-100, and blocked with 3% BSA for 30 min at room temperature. The fixed cells were then incubated with the primary antibodies against ␣-SMA (Abcam), FN (Santa Cruz Biotechnology, Santa Cruz, CA), glial fibrillary acidic protein (GFAP), and vimentin (Sigma) at 4°C overnight followed by the fluorescence-labeled secondary antibodies Dylight 594 or Dylight 488 (Vector Laboratories) at room temperature for 1 h. Nuclei were counterstained with DAPI.
Western blot analysis. Protein lysates were prepared from mouse pancreas tissue samples or cells in 1ϫ lysis buffer (Cell Signaling Technology, Billerica, MA). Protein concentrations were measured using a protein assay dye (Bio-Rad Laboratories, Hercules, CA). Conditioned medium was collected after 48 h of treatment by BMP2 and TGF-␤. Western blot analysis was performed as described previously (4, 16) using specific primary antibodies against BMP2 (R&D Systems), pSmad1 and Smad1 (Cell Signaling), FN and ColIa (Santa Cruz Biotechnology), and GAPDH (Sigma). Horseradish peroxidaseconjugated secondary antibody was from Bio-Rad Laboratories.
Smad1 gene silencing. hPSCs were transiently transfected with human Smad1 small-interfering RNA (siRNA, 100 nM, L-012723-00; Dharmacon, Chicago, IL) using transfection reagent Dharma FECT 1 (Dharmacon) according to the manufacturer's instructions as previously described (4, 5) . Scrambled siRNA (D-001206-13; Dharmacon) was used as a nonspecific siRNA control. After 48 h, cells were starved for 4 h followed by BMP2 pretreatment for 30 min and TGF-␤ treatment for 48 h.
Statistical analysis. Data were expressed as means Ϯ SE. P Ͻ 0.05 was considered significant. In vitro experiments were repeated two to three times, and similar results were obtained. Differences between two groups were analyzed using the Student's t-test. Differences among groups were analyzed using ANOVA with the Tukey-Kramer multiple-comparison test.
RESULTS

Activation of BMP signaling in cerulein-induced CP.
To begin to investigate the role of BMP signaling in CP, Swiss Webster mice were given cerulein by intraperitoneal injections up to 8 wk for the induction of CP, a well-established rodent CP model (15) . The mouse pancreata were harvested at day 4 Fig. 4 . Bone morphogenetic protein (BMP) 2 and phosphorylated Smad1 (pSmad1) levels in the pancreas during progression of CP. A: Western blotting of pancreas tissue lysates from CON and CP mice using BMP2 antibodies. B: quantification of BMP2. The protein levels were normalized against GAPDH and quantified as fold of control. C: Western blotting of pancreas tissue lysates from CON and CP mice using pSmad1 and total Smad1 antibodies on the same blots. D: quantification of pSmad1 and total Smad1. The protein levels were normalized against GAPDH and quantified as fold of control. *P Ͻ 0.05 compared with control; n ϭ 4 mice/group. after 2-, 4-, and 8-wk cerulein injections for CP induction as described. The pancreata of the mice receiving cerulein revealed a morphological progression during CP induction with acinar injury, fibrosis, and inflammation on H&E staining compared with the control mouse pancreas (Fig. 1) . The histopathological scores including all these changes were shown as a semiquantitative measurement of chronic pancreatic injury (Fig. 1B) . To further evaluate ECM protein levels during fibrosis progression, protein lysates prepared from the mouse pancreata were subjected to Western blotting with a FN antibody. As shown in Fig. 2A , a time-dependent increase of FN (the band on top, 220 kDa) was observed in the pancreata from 2-, 4-, and 8-wk cerulein groups. To assess the activation of PSCs, immunohistochemistry analysis was carried out on the pancreas paraffin sections with an ␣-SMA antibody. ␣-SMA-positive cells were localized in the fibrotic areas around acini and vascular walls in cerulein groups and were significantly increased at 4 (P ϭ 0.004) and 8 (P Ͻ 0.001) wk (Fig. 3) . In control mice pancreata, a few ␣-SMA-positive cells were observed mostly in the vascular walls for all time points tested. Taken together, these results demonstrate that activated PSCs increased along with fibrosis progression.
Furthermore, the protein levels of BMP2 and its intracellular signaling molecule Smad1 were assessed using Western blot analysis. BMP2 levels increased significantly in the pancreata of the CP mice at earlier time points of 2 and 4 wk after CP induction and declined at a later time point of 8 wk after CP induction to a similar level as the control. Similarly, pSmad1 levels increased significantly at 4 wk and declined at 8 wk after CP induction (Fig. 4) . Thus, the dynamic changes of BMP signaling inversely correlate to the progression of pancreatic fibrosis during CP, suggesting a potential anti-fibrogenic role of BMP signaling in the pancreas. In addition, there was no difference of total Smad1 levels between CP and control at 2 and 4 wk, whereas there was a significant increase of total Smad1 levels in CP compared with control at 8 wk. The underlying mechanisms for this unexpected discrepancy between phospho-Smad1 and total Smad1 levels are not clear at this moment and deserve future investigation.
BMP2 inhibits TGF-␤-induced mPSC activation and FN expression.
To evaluate the direct effect of BMP on PSC activation and ECM formation in vitro, mPSCs were isolated and pretreated with BMP2 (250 ng/ml) for 30 min followed by TGF-␤ treatment (1 ng/ml) for 48 h. Using immunofluorescence analysis with ␣-SMA and FN antibodies, we found that, compared with the vehicle control, TGF-␤ increased ␣-SMA and FN expression (P Ͻ 0.05); BMP2 alone had no effect on ␣-SMA and FN expression. However, BMP pretreatment inhibited TGF-␤-induced ␣-SMA and FN expression compared with TGF-␤ alone (P Ͻ 0.05, Fig. 5) .
Characterization of hPSCs. Considering hPSCs are more clinically relevant, primary hPSCs isolated from a CP patient were used to validate the findings in mouse PSCs. To characterize the hPSCs of passage 5, oil red O staining was used to identify quiescent PSCs, and immunofluorescence analysis was applied with antibodies against ␣-SMA and several other PSC markers, including GFAP and vimentin. These cells were 20.3 Ϯ 1.1% oil red O positive, 87.1 Ϯ 1.5% ␣-SMA positive, and 100% GFAP and vimentin positive (Fig. 6) . These results indicate a high purity of hPSCs obtained.
BMP2 inhibits TGF-␤-induced hPSC activation and ECM formation.
To validate the findings of the effect of BMP2 on mPSC activation and ECM formation induced by TGF-␤, the isolated hPSCs were pretreated with BMP2 (250 ng/ml) for 30 min followed by TGF-␤ treatment (1 ng/ml) for 48 h. With the use of immunofluorescence analysis with ␣-SMA and FN antibodies, similar findings were observed as in mPSCs. Compared with the vehicle control, TGF-␤ increased ␣-SMA and FN expression (P Ͻ 0.05); BMP2 alone had no effect on ␣-SMA and FN expression. However, BMP2 pretreatment suppressed TGF-␤-induced ␣-SMA and FN expression compared with TGF-␤ alone (P Ͻ 0.05, Fig. 7) .
Furthermore, Western blot analysis from the whole cell lysates revealed a 2.02-fold increase of FN induced by TGF-␤ treatment, no change of FN with BMP2 alone, and a complete suppression of TGF-␤-induced FN by BMP2 pretreatment (0.85-fold, Fig. 8A ) compared with the vehicle control. Similar effects were observed in FN levels from the conditioned medium (Fig. 8B) , although not as brisk as in whole cell lysates. However, a different pattern was observed for ColIa levels. BMP2 did not suppress TGF-␤-induced ColIa expression in whole cell lysates (Fig. 8A) but abolished TGF-␤-induced ColIa secretion in the conditioned medium (Fig. 8B) . As reported in the literature, TGF-␤, a key profibrogenic factor in the pancreas, activates PSCs and induces collagen synthesis and secretion and other ECM formation, including FN (1, 23) . This is also observed in our current study shown in Fig. 8 . However, in whole cell lysates, BMP2 inhibited FN expression, but not collagen expression (Fig. 8A) . Hence, the data of FN and collagen levels in conditioned medium (Fig. 8B) demonstrate that BMP2 inhibited both FN and collagen secretion. Our results suggest that BMP2 inhibits TGF-␤-induced FN synthesis and secretion but predominantly inhibits TGF-␤-induced collagen secretion and may not affect its synthesis. Future experimentation is warranted to investigate how BMP2 regulates TGF-␤-induced ECM formation and its biochemical processes. Taken together, we have confirmed the findings from mouse PSCs that BMP2 suppressed TGF-␤-induced PSC activation and ECM formation in human PSCs.
Smad1 signaling pathway mediates the anti-fibrogenic function of BMP2 in hPSCs. To assess Smad1 signaling in the anti-fibrogenic function of BMP2, hPSCs were treated with BMP2 for 30 min, and pSmad1 and total Smad1 levels were measured by Western blot analysis. In the presence of BMP2, the pSmad1 level increased 5.0-fold compared with the vehicle control, whereas the total Smad1 level did not change (Fig. 9A) , demonstrating an activation of BMP signaling in hPSCs upon BMP2 stimulation. Furthermore, Smad1 was silenced transiently by transfecting Smad1 siRNA into hPSCs. At 48 h after transfection, the cells were starved for 4 h and then pretreated with BMP2 (250 ng/ml) at 30 min followed by TGF-␤ treatment (1 ng/ml) for 30 min for Western blot analysis of Smad1 signaling (Fig. 9B) , and for 48 h for immunofluorescence analysis of ECM expression (Fig. 9, C and D) . As expected, Smad1 siRNA transfection knocked down Smad1 expression by 86% and decreased BMP2-induced phosphorylation of Smad1 by 62%. This demonstrates the specific gene knockdown effect on Smad1 expression by Smad1 siRNA transfection, which resulted in a decreased phosphorylation of Smad1 (Fig. 9B) . Furthermore, immunofluorescence analysis demonstrates that Smad1 siRNA transfection did not affect TGF-␤-induced ␣-SMA and FN expression but reversed the inhibitory Fig. 6 . Characterization of human PSCs (hPSCs). Lipid droplets were visualized with oil red O staining (original magnifications, ϫ400). Immunofluorescence was performed using antibodies against ␣-SMA, glial fibrillary acidic protein (GFAP), and vimentin (original magnification, ϫ200), and the cell nucleus was stained with DAPI (blue). Negative control, without primary antibodies.
effect of BMP2 on TGF-␤-induced ␣-SMA and FN expression (Fig. 9, C and D) . These results demonstrate that the antifibrogenic function of BMP2 is mediated by the Smad1 signaling pathway.
DISCUSSION
Pancreatic fibrosis is the common pathological change of CP. Our results from a mouse experimental model show that repetitive administration of cerulein induced CP with gradually aggravated acinar injury, fibrosis lesion, and increased FN levels. Along with fibrosis progression, activated PSCs increased and appeared in the periacinar fibrosis area. Interestingly, we observed dynamic changes of BMP2 and pSmad1 levels that were inversely associated with fibrosis development, suggesting an inhibitory role of BMP signaling in fibrosis progression. Using isolated mouse and human PSCs, we showed that BMP2 inhibited TGF-␤-induced PSC activation and ECM formation. Furthermore, knocking down of Smad1 reversed the effect of BMP2, indicating that Smad1 mediates the inhibitory effect of BMP2 on TGF-␤-induced PSC activa- Fig. 7 . BMP2 inhibits TGF-␤-induced ␣-SMA and FN expression in hPSCs. hPSCs were pretreated with BMP2 (250 ng/ml) for 30 min followed by TGF-␤ (1 ng/ml) for 48 h. A: immunofluorescence was performed using antibodies against ␣-SMA (red) and FN (green), and the cell nucleus was stained with DAPI (blue). B: quantification of fluorescent intensity from 5-10 different fields/sample. *P Ͻ 0.05 compared with vehicle group. #P Ͻ 0.05 compared with TGF-␤ group. Original magnifications, ϫ200. Fig. 8 . BMP2 inhibits TGF-␤-induced ECM expression and secretion by hPSCs. hPSCs were pretreated with BMP2 (250 ng/ml) for 30 min followed by TGF-␤ (1 ng/ml) for 48 h, and then both medium and whole cell lysates were harvested. A: Western blotting of whole cell lysate using anti-FN or collagen type Ia (ColIa) antibody. B: Western blotting of equal volume of the conditioned medium using FN or ColIa antibodies. Specific bands were normalized to total cell protein and quantified as fold of vehicle. tion and ECM formation. Thus, our study reveals the antifibrogenic role of BMP signaling in the pancreas.
BMPs play important roles during pancreas development by controlling cellular differentiation, proliferation, and apoptosis (29) , and in pancreatic endocrine functions (8) . Most recently, we show that BMP signaling is activated in acute pancreatitis, and noggin (a BMP antagonist) attenuates cerulein-induced acute pancreatitis, suggesting a promoting role of BMP signaling in acute pancreatitis induction (6) . However, the role of BMPs in the course of pancreatic fibrosis development during CP is largely unknown although BMPs are reported to be anti-fibrogenic in the kidney, lung, and liver (10, 14, 28, 31) . To explore the potential anti-fibrogenic role of BMPs in the pancreas, we examined BMP signaling during cerulein-induced CP. We observed dynamic changes of BMP signaling. BMP2 levels increased at 2-and 4-wk cerulein injections along with increased pSmad1 levels at 4-wk cerulein injections. Both BMP2 and pSmad1 levels then declined back to the similar levels as saline control (Fig. 4) . Thus BMP signaling changes inversely correlate to the fibrosis development ( Fig. 1 ) and PSC activation (Fig. 3) , suggesting a potential inhibitory role of BMP signaling in fibrosis development. Based on these in vivo findings, we focused on PSCs, the key cells for ECM formation in the development of pancreatic fibrosis, and directly tested the effect of BMP on TGF-␤-induced PSC activation and ECM formation in vitro. We found that BMP2 pretreatment caused a reduction of ␣-SMA and FN expression with TGF-␤ treatment in mouse PSCs (Fig. 5) , as well as in human PSCs (Fig. 7) . The current study, to our knowledge, provides the first evidence on the anti-fibrogenic role of BMPs in the pancreas by examining BMP signaling during CP induction in vivo and the effect of BMP on TGF-␤-induced PSC Fig. 9 . Smad1 signaling pathway mediates the inhibitory effect of BMP2 on TGF-␤-induced hPSC activation and FN production. A: hPSCs were treated with BMP2 for 30 min. Whole cell lysates were subject to Western blotting using pSmad1 and total Smad1 antibody on the same blot. B: Smad1 small-interfering RNA (siRNA) transfection efficiency. hPSCs were transfected with human Smad1 siRNA for 48 h, starved for 4 h, and then pretreated with BMP2 (250 ng/ml) for 30 min followed by TGF-␤ (1 ng/ml) for 30 min. Whole cell lysates were subject to Western blotting using Smad1 and pSmad1 antibodies on the same blot. C and D: hPSCs were transfected with human Smad1 siRNA for 48 h, starved for 4 h, and then pretreated with BMP2 (250 ng/ml) for 30 min followed by TGF-␤ (1 ng/ml) for 48 h. Immunofluorescence was performed using ␣-SMA (red) antibody and the respective quantification (C) or using FN (green) antibody and the respective quantification (D). Cell nucleus was stained with DAPI (blue). NS siRNA, nonspecific siRNA. *P Ͻ 0.05 compared with vehicle group. #P Ͻ 0.05 compared with TGF-␤ group. Original magnification, ϫ200.
activation and ECM formation in vitro. It is known that TGF-␤ and BMP signaling pathways interact to involve in multiple biological processes and diseases and are subject to complex levels of regulation. Therefore, future experimentation using more sophisticated models is necessary for delineating the anti-fibrogenic role of BMPs in the pancreas.
TGF-␤ is known as a profibrogenic factor in the pancreas by activation of PSCs, the key cell type in the development of pancreatic fibrosis (20, 24, 30) . Systemic blockade of TGF-␤ may induce unexpected results, since TGF-␤ has a broad spectrum of biological functions. Therefore, exploring approaches to desensitize the cellular responses to TGF-␤ or to antagonize the TGF-␤ signal transduction pathway has become a heavily investigated field (28) . Thus, further exploring BMP signaling in vivo as native approaches to selectively antagonize TGF-␤ signaling becomes critically important in facilitating the development of therapeutic strategies to pancreatic fibrosis.
